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A WIND-TUNNEL INVESTIGATION OF PARAMETERS AFFECTING
HELICOPTER DIRECTIONAL CONTROL AT LOW SPEEDS
IN GROUND EFFECT

By William T. Yeager, Jr., Warren H. Young, Jr.,
and Wayne R. Mantay
Langley Directorate, U.S. Army Air Mobility R&D Laboratory

SUMMARY

An investigation was conducted in the Langley full-scale tunnel to measure the per-
formance of several helicopter tail-rotor /fin configurations with regard to directional
confrol problems encountered at low speeds in ground effect, Tests were conducted at
wind azimuths of 0° to 360° in increments of 30° and 60° and at wind speeds from 0 to
35 knots.

The results indicate that at certain combinations of wind speed and wind azimuth,
large increases in adverse fin force require correspondingly large increases in the tail-
rotor thrust, collective pitch, and power required to maintain yaw trim, Changing the
tail-rotor direction of rotation to top blade aft for either a pusher tail rotor (tail-rotor
wake blowing away from fin) or a tractor tail rotor (tail-rotor wake blowing against fin)
will alleviate this problem. For a pusher tail rotor at 180° wind azimuth, increases in
the fin/tail-rotor gap were not found to have any significant influence on the overall vehi-
cle directional control capability. Changing the tail rotor to a higher position was found
to improve tail-rotor performance for a fin-off configuration at a wind azimuth of 180°,
A V-tail configuration with a pusher tail rotor with top blade aft direction of rotation was
found to be the best configuration with regard to overall directional control capability.

INTRODUCTION

The tail rotor and fin of conventionally powered single-rotor helicopters serve two
purposes: (1) to counteract main-rotor torque and other adverse torques and (2) to pro-
vide directional control in hover and forward flight. Historically, the conventional tail
rotor and associated fin assemblies have been the source of low-speed directional con-
trol pfoblems. Examples of these problems have been reported in references 1 and 2
where conditions of inadequate directional control have been encountered in low-velocity
left-rear -quartering winds in ground effect and during low-speed sideward flight in
ground effect,



In the past, efforts to solve these problems have consisted of a series of multiple
and frequently random changes in tail-rotor /fin configuration, The random nature of
this approach reflects the limited knowledge of the tail-rotor/fin operational environment.
‘Some insight into this environment is provided by reference 3 which identifies a possible
source of directional control problems experienced in ground effect at low rearward
speeds as a large vortex generated by the interaction of the main-rotor wake and the
wind in the presence of the ground, The presence of this ground vortex adjacent to the
upwind side of the main rotor suggests that the problem of adverse wake effects on the
fin and tail-rotor performance may extend, to some degree, over a wide range of wind
azimuths.

In a continuing effort to improve helicopter low-speed directional control, an
investigation was conducted in the Langley full-scale tunnel to determine the effects of
several tail-rotor and fin parameters on vehicle directional control capability. All tests
were conducted in ground effect for a range of wind speeds and wind azimuth angles.

Although not providing detailed design information, the results presented herein
indicate factors which will improve helicopter directional control capability and identify
other areas where more detailed investigation of helicopter directional control is
warranted,

SYMBOLS
The positive senses of forces, moments, and displacements are indicated in fig-

ure 1. The measurements and calculations were made in the U.S, Customary Units. The
physical quantities used in this paper are given in the International System of Units (S1).

Cg fin force coefficient, ——Z—F———é—

PR (QR)ty
C'L main-rotor lift coefficient, 5 L 5

PR r(QR)mr
Cm o rate of change of vehicle pitching-moment coefficient with angle of attack
Cm, f vehicle pitching-moment coefficient due to V-tail, S
p”R’:t;r(ﬂR)gr

Cn 4 rate of change of vehicle yawing-moment coefficient with sideslip angle



CQ,mr

CQ,tr

CQ,V

CT,tr

Qmr

Qtr

Qy

main-rotor torque coefficient, 3er 5
PRy r(QR)far

Qir

tail-rotor torque coefficient, —g
p 7TRtr(QR)tr

Qv

vehicle torque coefficient, 3 5
PTRMr(QR)mr

T :
tail-rotor thrust coefficient, —-2“—2
PR (QR)iy

torque-balance coefficient (value of 1 indicates vehicle is trimmed in yaw),
LTir '
Qy

fin force (positive when in opposition to tail-rotor thrust), newtons
main-rotor lift, newtons

horizontal distance from tail-rotor shaft to main-rotor shaft and assumed
longitudinal position of vehicle center of gravity, meters

pitching moment about assumed vehicle center of gravity due to the V-tail,
newton-meters

main-rotor shaft torque, newton-meters
tail-rotor shaft torque, newton-meters

vehicle torque (sum of fuselage, main-rotor, and fin assembly torques),
newton-meters

rotor radius, meters
rotor thrust, newtons

free-stream velocity, knots



y gap from fin center line to tail-rotor plane of rotation, meters

Z tail-rotor height measured from original location as shown in figure 1, posi-
tive up, meters

B model azimuth angle (angle between model longitudinal axis and wind-tunnel
flow direction), positive nose left, degrees

8 rotor blade collective-pitch angle, degrees
p mass density of air, kilograms per meter3
Q rotor rotational speed, radians per second
Subscripts:

max maximum

mr main rotor

tr tail rotor

v vehicle (main rotor, body, and fin assembly)

APPARATUS AND TESTS

Model Description

- The model used in this investigation is shown in figure 2 and 3, It is the same
model described in reference 3 except for new fin config_urétions and the substitution of
an electric motor for the air motor in the tail-rotor drive system. The rotors and tail
surfaces are 1/4-scale representations of the attack helicopter of reference 1. The
main-rotor disk loading and tail-rotor tip speed are full scale. The entire model, with
the exception of the fail-rotor assembly, was mounted on a six-component strain-gage
balance attached to the top of a pedestal. The vertical tail was attached to a separate
five-component strain-gage balance mounted within the model fuselage aft of the horizon-
tal stabilizer. The two variable-speed electric motors used to drive the main rotor were
mounted within the fuselage body. The tail-rotor drive assembly was mounted on a six-
component strain-gage balance attached to the end of a horizontal sting which could be



moved to vary the gap between the tail rotor and vertical fin, This sting was mounted on
a pédestal attached to the tunnel ground board support structure., The sting could also

be moved on the pedestal to change the vertical position of the tail rotor. Figure 4 shows
the tail-rotor vertical positions tested relative to the main rotor. In order to change the
tail rotor from a pusher to a tractor configuration, the entire tail-rotor, Sting, and pedes-
tal assembly was moved from one side of the model to the other,

- The main rotor énd tail rotor were two-bladed teetering rotors. Both rotors were
equipped with remote collective-pitch controls, In addition, the main rotor was pro-
vided with longitudinal and lateral cyclic piteh control through a remotely operated, con-
ventional swashplate system. Physical characteristics of the rotors are listed in table I.

The model could be equipped with either of two tail surface configurations. One
configuration consisted of a standard vertical fin in conjunction with a horizontal stabi-
lizer (figs. 2(a) and 2(b)). The other tail surface configuration was a V-tail (fig. 2(c)).
The standard vertical fin blocked 24 percent of the tail-rotor disk compared with a tail-
rotor disk blockage of 20 percent for the V-tail. The area of the V-tail projected onto
the horizontal plane was 61 percent of the area of the horizontal stabilizer tested with
the standard vertical fin, The V-tail was designed to give the same values of Cm, and
CnB« as the standard-vertical-fin/horizontal-tail configuration. In addition, the same
horizontal and vertical tail-rotor location was maintained.,

The four-letter configuration identification code used during this investigation is
given in the following fable:

First letter Second letter Third letter Fourth letter
Tail fin Main rotor Tail rotor type Tail-rotor rotation
N No fin installed N Main rotor not P Pusher F Top blade
operating forward
S Standard fin M Main rotor T Tractor A Top blade aft
operating
V V-tail N No tail rotor N No tail rotor
installed installed

For example, SMPF denotes the standard fin with the main rotor operating and a pusher
tail rotor with top blade forward rotation. This configuration is referred to as the stan-
dard configuration throughout this report,.



Test Procedure

Data were obtained at wind speeds of 0, 7.5, 10, 12.5, 15, 20, and 25 knots for all
configurations at wind azimuths from 0° to 360° in 30° or 60° increments. In addition,
data were obtained for the V-tail configuration at 30 and 35 knots at wind azimuths of
09, 60°, and 300°, Table Il shows all model configuration and wind azimuth combinations
tested. At each wind azimuth and windspeed, data were obtained for a range of tail-
rotor collective-pitch settings which in most cases bracketed the yaw trim flight condi-
tion, For the purposes of this report, the yaw trim flight condition is defined as the
condition at which the total vehicle yawing moment is balanced by an equal and opposite
yawing moment produced by the tail-rotor thrust. At this condition the value of the
torque-balance coefficient C,; is equal to1l, The main rotor was operated at a nomi-
nal disk loading of 250 N/m\2 and a nominal tip-path-plane angle of attack of 0°,

Data Acquisition

Three independent strain-gage balances and one strain-gage bridge were used for
data acquisition. The balance locations are shown in figure 1. The vehicle balance
sensed the total aerodynamic forces and moments acting on the main rotor, fuselage, and
fin., Within the model fuselage, a separate five -component balance sensed only the fin
forces and moments. A third balance was used to measure the tail-rotor forces and
moments, A strain-gage bridge on the main-rotor shaft sensed the main-rotor torque.

Two data points were recorded for each test condition on a digifal data acquisition
system. Data recorded included the forces and moments from the three strain-gage ‘
balances, the instantaneous rotational speeds of the two rotors, the main-rotor torque,
the main-rotor longitudinal and lateral cyclic pitch, the collective-pitch settings of both
rotors, and the tunnel velocity. The signals from the three strain-gage balances and the
strain-gage bridge were filtered, and the data recorded were essentially the steady-state
values. Time dependent aerodynamic effects at frequencies above 6 Hz have been
removed by these filters, However, unsteady effects with frequencies below 6 Hz will
appear as scafter in the data., Measurement accuracies have been estimated and are
presented in table III,

Tunnel Boundary Conditions

In order to obtain data representative of in-ground-effect flight, the model was
installed on the ground board of the Langley full-scale tunnel with the main-rotor shaft
7.5 meters downstream of the leading edge of the ground board. The ground board has
a width of 13,0 meters. The Langley full-scale tunnel has an open test section with a
nominal width of 18.3 meters and a nominal height of 9.1 meters. The theoretical
results of reference 4 indicate that for the conditions of this investigation, the flow in the
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tunnel differs little from that of in-ground-effect flight. Therefore, no tunnel boundary
corrections were applied to the data.

PRESENTATION OF RESULTS

The figures used for discussion of the results were obtained by interpolating the
basic data to achieve, in most cases, a model yaw trim condition for a nominal main-
rotor lift coefficient of 0.00470. For configuration NMPF, the tail-rotor thrust required
to bracket yaw trim was not obtained, and the results have been extrapolated. These
extrapolations have been noted in the figures. In a few instanceé, aerodynamic effects
caused fin force to vary in such a manner that the yaw trim condition could not be accu-
rately determined. These occurrences are denoted in the figures by shaded areas
‘indicating the accuracy of the parameter in question. '

The order of presentation of the figures in this report is as follows:

Figure
Ground vorteX . . . . . . v v ot h e e e e e e e e e e e 5to 7
Critical regions of flight . . . .. ... ... ...... 8 to 10
Systematic performancestudies . .. ... .. ... .. 11 to 22
Vehicle pitching moment duveto V-tail . . . ... .. .. 23
Basicdata . . ... ... .. 00ttt ittt 24 to 40

DISCUSSION OF RESULTS

Factors Affecting Tail-Rotor/Fin Aerodynamic Environment

The aerodynamic environment of the tail rotor and fin of the typical single-rotor
helicopter may be influenced by factors which are both steady and unsteady (i.e., time
dependent) in nature. However, as previously discussed, the data recording technique
used herein did not permit an assessment of the time-dependent effects such as may be
associated with blade stall or operation of the tail rotor in the vortex ring state. Although
the potential contribution of these factors to the helicopter directional control problem
is recognized, examination of the steady data taken showed no adverse effects which
could be directly attributed to either tail-rotor blade stall or operation of the tail rotor
in the vortex ring state.

In addition, reference 3 has identified other factors that can cause a reduction in
helicopter directional control capability. The most important of these factors is an
adverse effect of the main-rotor wake on tail-rotor performance, that is, the ground vor-
tex phenomenon. Another of these factors is an increased level of main-rotor power



required over a small range of airspeeds while in ground effect. This phenomenon, dis-
cussed in reference 5, was not found to be of primary concern as regards helicopter
directional control capability during this investigation.

Reference 6 has identified another potential source of helicopter directional con-
trol problems in forward flight. This is the rolled-up main-rotor shed vortex (or "wing-
tip" vortex). Reference 7 shows that at main-rotor wake skew angles larger than the
angle at which the ground vortex is formed, the trailing vortex system from the main
rotor is rolling up near the plane of the tail rotor. Intersection of these vortices with
the tail rotor could cause directional control problems similar to those caused by the
ground vortex.

During this investigation an additional factor was noted which may cause increased
difficulty in maintaining yaw trim in hover. For the condition of yaw trim and zero
windspeed, the fin force was found to vary as much as 20 to 30 percent for different
model azimuth angles for configurations SMPF and SMPA, This variation was reflected
in the vehicle yawing moment, but no significant variation in the main-rotor torque
occurred. Since no pattern was found in the variation of fin force with model azimuth
angle, a low-frequency time-varying aerodynamic phenomenon is suspected as the cause.
One possibility is an instability in the main-rotor wake as indicated by reference 8. This
wake flow instability was shown to occur at a main-rotor height above the ground board
of one-fourth of the main-rotor diameter; however, the instability did not occur when
the main rotor was raised to one-half of the main-rotor diameter above the ground board.
Motion pictures taken during the studies of reference 9 show the same type of main-rotor.
wake instabilities for the same main-rotor thrust coefficient and height above the ground
board as in the present investigation. Therefore, for zero windspeed, changes in the
tail-rotor thrust required to maintain yaw trim could possibly be produced by variations
in the main-rotor wake caused by hovering near the ground.

- During this investigation the ground vortex was studied as a function of main-rotor
disk loading and windspeed at S = 1800, In order to make this study, the tail rotor and
fin were replaced by a tuft grid as shown in figure 4. Photographs of this tuft grid were
then taken for three different values of main-rotor disk loading at windspeeds up to
25 knots. (See figs. 5to 7.) The photographs show that the ground vortex exists in the
vicinity of the tail-rotor location in rearward flight at windspeeds between 7.5 and
15 knots. The closest approach of the ground vortex to the tail-rotor location and the
largest area of vorticity for a nominal disk loading of 250 N/m2 occur at about 12,5 knots.
However, the most well -defined area of vorticity seems to occur at a windspeed of
15 knots for the same disk loading. At windspeeds of 20 and 25 knots, the vorticity has
moved from the region of the tail rotor. The photographs show a strong influence of
main-rotor disk loading on the position of the ground vortex for windspeedé between 7.5
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and 15 knots. The vortex appears to move higher as disk loading is increased. Although
this study of the ground vortex was conducted only at S = 1809, effects of the ground
vortex are also in evidence at other wind azimuths as is shown subsequently in this
discussion.

Critical Regions of Flight

The maximum values of tail-rotor and fin performance parameters for the yaw
trim condition are presented in figure 8 as a function of wind azimuth regardless of
windspeed. Since the curves include data over the range of windspeeds investigated and
the velocity may vary from point to point on a given curve, the curves cannot be directly
compared. These data, however, can be used to indicate the azimuth ranges where
potential problems may exist. These problem areas are indicated by high maximum
values of tail-rotor torque. In these problem areas research on tail-rotor/fin configu-
ration effects should provide the greatest benefit,

From figure 8 it is immediately obvious that the V-tail configuration has a funda-
mentally different overall behavior when compared with any configuration using the stan-
dard vertical fin, Also, all the standard fin configurations regardless of fin/tail-rotor
orientation or direction of tail-rotor rotation exhibit problems, generally within two azi-
muth ranges, * It was found that within each of these azimuth ranges a critical velocity
existed, that is, a velocity where each of the directional control parameters reached its
maximum value. Figures 12, 13, and 15 to 18 show these azimuths to be between 60°
and 900 at a velocity of 25 knots and 2400 at approximately 12.5 knots.

Fin and tail-rotor performance in these regions is further illustrated in figures 9
and 10 where the variations of fin and tail-rotor parameters with wind azimuth are given
for yaw trim conditions at 25 knots (fig. 9) and at 12.5 knots (fig. 10) for the configura-
tions included in figure 8. At both speeds the variations in total vehicle torque exhibit a
closer similarity to the variations in fin force than to variations in any other parameter.
Although it is recognized that all the parameters are interactive, this result indicates a
predominant influence of fin force on the total vehicle torque.

At 25 knots (fig. 9), the variations of the tail-rotor and fin parameters with B8 for
the V-tail configuration, with the exception of fin force magnitude, are similar to those
for the standard fin configurations. In the azimuth range of concern where the maximum
values occur (8 = 60° to 90°), both standard fin and V-tail configurations with the pusher
tail rotor with top blade aft direction of rotation produce a reduction in collective pitch
and tail-rotor torque when compared with the standard fin configuration with the pusher
tail rotor with top blade forward direction of rotation,



At 12.5 knots (fig. 10), marked reductions in the magnitude of all parameters and
their gradients with respect to wind azimuth were obtained with the V-tail configuration,
In the azimuth range of concern at this speed (8 = 1500 to 2409), top blade aft direction of
tail-rotor rotation produces less tail-rotor torque and collective pitch required to main-
tain yaw frim.

In terms of the results given in figures 9 and 10, no significant differences in the
merits of pusher as opposed to tractor tail rotors with a standard fin are evident., How-
ever, the increased performance gains shown by the V-tail configuration indicate that it
should provide the best baseline configuration for any future detailed studies,

Systematic Performance Studies

A systematic documentation of tail-rotor /fin performance is given in figures 11 to
22 where the variations of main-rotor, fin, and tail-rotor parameters with windspeed are
given for the various configurations tested at fixed wind azimuths. The results are dis-
cussed according to azimuth or azimuth ranges where the results are sufficiently
similar.

Performance at B8 = 0°,- For the configurations tested at B8 = 00, no critical wind-
speeds were found. In addition, using the top blade aft direction of tail-rotor rotation
with either the standard fin or the V-tail increases the control margin over the entire
range of test windspeeds (fig. 11(d)).

Performance at $ = 60° to 90°, - Figures 12 and 13 show that between B = 60°
and 90° there is a critical region for windspeeds of 25 knots because of the large values

of fin force, tail-rotor torque, and collective pitch which are produced. The increase in
the adverse fin force as a function of windspeed is to be expected because of the impinge -
ment of the free stream on the fin, The top blade aft direction of tail-rotor rotation pro-
duces lower values of tail-rotor torque and collective pitch than does the top blade for-
ward direction of rotation. Reference 6 indicates that at the higher windspeeds in this
azimuth range the tail rotor may be affected by impingement of the "wing-tip" vortex
from the main rotor. It would be possible for such a vortex impingement to produce
higher values of tail-rotor torque and collective pitch for a top blade forward direction
of tail-rotor rotation than for a top blade aft direction of rotation.

Performance at B = 1200, - Figure 14 shows that significant gains in tail-rotor

performance may be realized by use of the V-tail configuration. The top blade aft direc-
tion of tail-rotor rotation is also shown to be preferred over the top blade forward direc-
tion of rotation,

Performance at 8 = 150° to 2400, - The region where the ground vortex is believed
to be the predominant cause of low-speed directional control problems for tail-rotor-
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type helicopters operating in ground effect is between B = 1500 and S = 240°, Refer-
ence 3 indicates that this ground vortex causes a critical flight condition near a wind-
speed of 12.5 knots for the values of main-rotor disk loading and main-rotor height used
in the present investigation. Theoretical results from reference 4 indicate the presence
of this ground vortex for similar main-rotor test conditions,

The shaded regions in figures 15 to 19 indicate the extent of the uncertainty in the
location of the yaw trim condition due to aerodynamic effects of the fin and tail rotor.
The data in figures 15 to 18 show that changes with windspeed in the tail-rotor thrust
required for yaw trim are due primarily to large changes in the adverse fin force rather
than to changes in the main-rotor torque. Also, figures 15 to 18 indicate that the direc-
tion of tail-rotor rotation is a more important parameter with respect to the magnitudes
of the fin and tail-rotor parameters than is the location of the tail rotor as either a
pusher or tractor. This importance of the tail-rotor direction of rotation is an indica-
tion of the tail-rotor and ground vortex interaction discussed in reference 3. However,
the location of the tail rotor as a pusher or tractor is important with respect to varia-
tions of the fin and tail-rotor parameters with windspeed; this is evidenced by the differ-
ences in slope of the curves for Cg, Cr tr, Otr, and Cgq iy between windspeeds of
12.5 and 15 knots at 8 = 1500, 1809, and 210° (figs. 15 to 17). These figures show that
the tractor tail rotor decreases the variations with windspeed of the fin and tail-rotor
parameters for the configuration using the standard fin, At B= 2400 (fig. 18), there
appears to be no difference between the pusher and tractor tail rotors concerning varia-
tions in the fin and tail-rotor parameters with windspeed. The V-tail configuration
tested at B = 1800 and 2400 shows significant decreases in the fin and tail-rotor param-
eters throughout most of the range of test windspeeds. In addition, this configuration
removes the large variations with windspeed in the fin and tail-rotor parameters.

Effect of increased fin/tail-rotor gap at B = 180°,- The effect of increasing the
fin/tail-rotor gap at B = 180° for the standard configuration is shown in figure 19.
These data show that increasing the fin/tail-rotor gap does not change the basic .charac-
ter of the variation of the fin and tail-rotor parameters with windspeed but does decrease
the adverse fin force over most of the range of windspeeds, Although this result is
accompanied by a decrease in the tail-rotor thrust required for yaw trim, increases in
the tail-rotor collective pitch and torque are shown for the largest fin/tail-rotor gap
tested (figs. 19(d) and 19(e)). Thus, no definite advantage is realized by increasing the
fin/tail-rotor gap for this particular configuration.

Effect of changes in tail-rotor vertical location at B = 1809, - Figure 20 shows the
results obtained by varying the tail-rotor vertical location for configuration NMPF at
B = 1800, This configuration was used since the intent was to determine the vertical
range of the ground vortex effect on the tail rotor without fin interference, The tail-rotor
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parameters are plotted as a function of windspeed for a constant value of tail-rotor
thrust coefficient regardless of the vehicle yaw trim condition. This method was
employed to preclude the use of extrapolated data to obtain the vehicle yaw trim condi-
tion, The data show that for windspeeds below 15 knots, the higher tail-rotor positions
produce the smallest magnitude and least variations with windspeed in tail-rotor collec-
tive pitch and torque for a given value of tail-rotor thrust coefficient. At the highest
tail-rotor vertical position (z/R¢y = 0.70), the tail rotor has apparently been raised above
the region of significant influence of the ground vortex as evidenced by the lower magni-
tudes and varijations of 0ty and Cq ir.

Performance at B = 2700 to 3009, - The variations with windspeed of the fin and
tail-rotor parameters at = 270° and 300° are shown in figures 21 and 22, respec-
tively. Tail-rotor direction of rotation is still an important parameter at these azi-
muths. The top blade aft direction of rotation produces lower values of the fin and tail-
rotor parameters except between 15 and 20 knots at 8 = 270°. The V-tail configuration
tested at B = 3002 produces the lowest values of adverse fin force and consequently the
lowest tail-rotor thrust required for yaw trim. However, the standard fin with the top
blade aft direction of rotation produced values of 6., and CQ,tr about as low as those
produced by the V-tail. No tractor tail-rotor configurations were tested at these wind
azimuths; therefore, no comparisons between different tail-rotor locations can be made.

Vehicle pitching moment due to V-tail,- At B = 09, 60°, and 300°, an effort was
made to assess the contribution of the V-tail to the vehicle longitudinal stability at wind-
speeds up to 35 knots. Figure 23 shows the variation of the vehicle pitching-moment
coefficient due to the V-tail with windspeed for these wind azimuths. At B = 60°
and 3000, rather large excursions in vehicle pitching moment are indicated; whereas, at
B = 00, the vehicle pitching moment is a steadily increasing nose-up moment. These
values do not appear to be too large to be trimmed by the main rotor. However, a con-
trol problem could occur for changes in wind azimuth duririg hover at windspeeds above
15 knots.

CONCLUSIONS

An investigation has been conducted in the Langley full-scale tunnel to study the
effects of several fin/tail-rotor parameters on helicopter directional control at low
speeds in ground effect. Based on the data obtained, the following conclusions have been
reached:

1. The V-tail configuration demonstrated significant advantages with respect to
helicopter directional control,

12



2. The V-tail has a significant effect on vehicle longitudinal pitching moment and
could cause control problems during heading changes at windspeeds above 15 knots.

3. At a wind azimuth of 1809, for a fin-off configuration and a constant value of
tail-rotor thrust coefficient, moving the tail rotor to a higher than normal position pro-
duces significant advantages in tail-rotor performance,

4, Tail-rotor direction of rotation is a primary parameter with respect to helicop-
ter directional control. A top blade aft direction of tail-rotor rotation generally requii'es
less tail-rotor torque and less change of collective pitch with windspeed and wind azi-
muth to maintain yaw trim,

5. At a wind azimuth of 1809, increases in the fin/tail-rotor gap reduced the
adverse fin force but demonstrated negligible advantages in overall directional control
capability for a pusher tail rotor with top blade forward direction of rotation in combi-
nation with a standard fin,

6. At a constant main-rotor 1ift coefficient, variations with windspeed of the tail-
rotor thrust coefficierit required to maintain yaw trim are due to variations in fin force
and, to a much less degree, variations in main-rotor torque.

7. Ground vortex effects on the fin/tail-rotor combination appear to extend between
wind azimuths of 1509 and 2400°,

Langley Research Center,

National Aeronautics and Space Administration,
Hampton, Va., July 29, 1974,

13



REFERENCES

1, Connor, William J.: The Huey Cobra in Vietnam, 1968 Report to the Aerospace Pro-

2

3

4

W

fession, Tech. Rev,, vol, 9, no, 2, Soc. Exp. Test Pilots, 1968, pp. 25-32,

. Lynn, R. R.; Robinson, F, D.; Batra, N. N.; and Duhon, J. M,: Tail Rotor Design.
Pt, I: Aerodynamics. J. Amer, Helicopter Soc., vol. 15, no. 4, Oct. 1970, pp. 2-15,

. Huston, Robert J.; and Morris, Charles E, K., Jr.: A Wind-Tunnel Investigation of
Helicopter Directional Control in Rearward Flight in Ground Effect. NASA.
TN D-6118, 1971,

. Heyson, Harry H.: Theoretical Study of Conditions Limiting V/STOL Testing in Wind
Tunnels With Solid Floor. NASA TN D-5819, 1970,

. Heyson, Harry H.: Ground Effect for Lifting Rotors in Forward Flight. NASA
TN D-234, 1960,

. Wiesner, Wayne; and Kohler, Gary: Tail Rotor Performance in Presence of Main
Rotor, Ground, and Winds. Amer. Helicopter Soc. Preprint No. 764, May 1973.

. Heyson Harry H.; and Katzoff, S.: Induced Velocities Near a Lifting Rotor With Non-
uniform Disk Loading. NACA Rep. 1319, 1957. (Supersedes NACA TN 3690 by
Heyson and Katzoff and TN 3691 by Heyson.)

. Heyson, Harry H.: An Evaluation of Linearized Vortex Theory as Applied to Single
and Multiple Rotors Hovering In and Out of Ground Effect. NASA TN D-43, 1959.

. Lehman, August F.: Model Studies of Helicopter Tail Rotor Flow Paitterns In and Out
of Ground Effect. USAAVLABS Tech. Rep, 71-12, U.S. Army, Apr. 1971, (Avail-
able from DDC as AD 725591,) Motion picture film No. RF-574 taken during these
studies is available from Eustis Directorate, U.S. Army Air Mobility R&D Labo-
ratory, Fort Eustis, Virginia 23604,

14



TABLE 1. - ROTOR CHARACTERISTICS

Main rotor Tail rotor
Diameter, m . ., . . . v ¢ ¢ v o v o b o o v e e e e e 3.35 0.648
Rotor-blade chord, m . . . . . . . . ¢ o v s oo e e oo 0.171 0.053
SOHAItY. « v ¢ v v o e e e h e e e e e e e e e e e e e e 0.065 0.105
Effective cutout, percent . . . . .. .. . ... ... .. 17 20
Bladetwist, deg . . . . ¢« ¢ v v v v vt e e e e e -10 0
Blade airfoil . . . v v v v v v st e e e e e e e e e e e (a) NACA 0015
Nominal tip speed, m/sec . . . . . . « v ¢« v o v ¢« o v o & 210 224

2Coordinates are given in reference 3.
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TABLE II, - MODEL CONFIGURATIONS AND TEST RUN SCHEDULE

Tailorof Ch " " Wind Azimuth B, deg, of —

Fin ail-rotor onfiguration | po oo
configuration designation 0 |60 90| 120|150 180 210 | 240 | 270 300

None None NMNN Tuft grid 1

in place

None Pusher, top blade NMPF Tuft grid 2
forward rotation in place

None Pusher, top blade NNPF Main rotor 9 8 7 6 141 13} 12
forward rotation tied down

None Pusher, top blade NMPF 10 ag by 5 11
forward rotation

Standard | Pusher, top blade SMPF 19] 20121] 22| 23]°%24, d25, €26 | 15| 16| 17| 18
forward rotation

Standard | Pusher, top blade SMPA 32| 33134) 35] 36 27 28] 29| 30| 31
aft rotation

Standard | Tractor, top blade SMTF 44 45 46 47) 48
forward rotation )

Standard | Tractor, top blade SMTA 52 51 501 49
aft rotation

V-tail | Pusher, top blade VMPA No horizon- | f41| f42 43 38 39 f40
aft rotation tal tail

aT3ail rotor at 0.35R¢y below normal position.
brail-rotor at 0.70R¢y above normal position,
CFin/tail-rotor gap of 0.2R;y.
AFin/tail-rotor gap of 0.4Ryy.
©Fin/tail-rotor gap of 0.6Ryy.
£ addition to standard windspeeds of 0, 7.5, 10, 12,5, 15, 20, and 25 knots, data were taken at 30 and 35 knots,

TABLE III - ESTIMATED MEASUREMENT ACCURACY

Main-rotor torque, CQmr . ... ...

Coefficient Balance Accuracy
Vehicle torque, CQ,V c e e e e s e e e e e Vehicle | +0.000009
Finforce, Cg . .. ... v v v v v v Fin +0.00007
Tail-rotor thrust, Cp ¢y ............. Tail rotor +0,0002
Tail-rotor torque, CQ,tr e e e e e e e e e e Tail rotor +0.00003
Vehicle pitching moment contributed
by V-tail, Cmt ... ... ... Fin +0,00007
Main-rotor lift, C}, ... ............. Vehicle +0.00005
e e Mast strain gage +0.00001
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Tail-rotor balance

Electric motor

Fin balance

Vehicle balance

Figure 1, - Model schematic and conventions used to define positive directions.
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7V T
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l } Tip path plane
|
/
/
/ &...
1

(b) Standard fin.

~
-~

) sl . \\

£—NACA 44i2 airfoil
Reference plane

A
L0076 — [+

\ MACA 0012 airfoil\
/ Reference plane

AN /
—= 0t} N agtar / L

~ ) -

\ S~ ~
: REAR VIEW V-TAIL
| .2
[

X

(c) V-tail,

Figure 2.- Concluded.
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20

(a) Side view of model.

v

(b) Model with V-tail installed,
Figure 3.- Model installed in Langley full-scale tunnel.

L.-74-1144



Tail-rotor position

High
Normal
/
. Low
Main-rotor /
tip path plane |
/“ _ \
Horizontal tail
—
Tail boom Tuft area
N /
-~~~ Ground board _ ~ - T

Figuré 4.. Tail-rotor vertical position relative to the tuft grid.
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(¢) V= 12,5 knots. (d) V = 15 knots,

L-74-1145
(e) V= 20 knots. (f) V =25 knots.

Figure 5.- The ground vortex at B = 180° and a main-rotor disk loading of 220 N/mz.
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(e) V= 20 knots, (f) V=25 knots,

Figure 6.- The ground vortex at B8 = 180°. and a main-rotor disk loading of 250 N/m2,
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1..74-1147

(e) V=20 knots. (f) V= 25knots.

Figure 7.- The ground vortex at B = 180° and a main-rotor diskhloading of 284 N/m2
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(b) Tail-rotor thrust.

Figure 8.- Variation of performance parameter maximums.
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(e) Tail-rotor collective pitch.
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(d) Tail-rotor torque.

Figure 8.~ Concluded.
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Configuration
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(b) Tail-rotor torque coefficient,
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(c) Tail-rotor collective pitch.

Figure 9.- Concluded,
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.0010
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Configuration
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(b) Tail-rotor torque coefficient.

Configuration
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| 1 | | !

]
60 120 180 240 300 360
B, deg
(c) Tail-rotor collective pitch.

Figure 10.- Concluded.
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(c) Tail-rotor thrust.

Figure 13.- Variation of main-rotor, fin, and tail-rotor
parameters with windspeed at B = 900,
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(e) Tail-rotor torque.

Figure 13,- Concluded.
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(b) Fin force.

Figure 14.- Variation of main-rotor, fin, and tail-rotor parameters

with windspeed at 8 = 1209°,
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Figure 14.- Concluded.
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Figure 15.- Variation of main-rotor, fin, and tail-rotor parameters
with windspeed at 8 = 1500,
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Figure 15, - Concluded.
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Figure 16, - Variation of main-rotor, fin, and tail-rotor
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Figure 17.- Variation of main-rotdr, fin, and tail-rotor
parameters with windspeed at g = 2100,
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Figure 25.- Aerodynamic characteristics of various configurations at B = 60°

(a) Fin force.
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(b) Tail-rotor thrust.
Figure 25.- Continued.
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Figure 26.- Aerodynamic characteristics of various configurations at g = 900
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(b) Tail-rotor thrust.
Figure 26.- Continued.
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(c) Tail-rotor torque.

Figure 26.- Continued,
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(a) Fin force.

Figure 27.- Aerodynamic characteristics of configurations with a
pusher tail rotor at B = 1200,
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(b) Tail-rotor thrust,

Figure 27.- Continued.

H T T T
L_ Configuration
.01 0 SMPE V=25.0 knots |
T O SMPA ) Lo
| V:'/
.00 % =1
td
po. il el v=20.0 |—
4 /0 -
17} /
.00 Ko
P d L
- / LA
gl¥=gs-0 o] N o V=15.0
o// —%
/‘
oLv=20.0 o1 e
y=12.5
,O) o /13
|1
O/
o |¥=15:0 I Lo v=10.0
Lo ﬁé@ | 1 =
// VQ/
p
o lu=te.s o | Lo v=7.5
Lo~
e g
=
— ’n// V=0.0
0 v=10.0 %g/ //0 -
ot - ?/
v=1.5 et
g /q»u i
Q/
o v=d.g
0 2 y 6 8 10 12 14 16 18 20
Oy Heg

79



-0025

T 1 1
Configuration
O NNPF
-002! 0 SMPF
O SMPA y=26.0 knots
)
.0019
/"'
.01 V- o ¥=20-0
L0 ;&C’/
.000 v
/
L} / Vad V=15.0 —
N=25.0
a
o]
v=40.0 -12.5
[ g =12
Qi = o)
lo4 o |
/
o = ¥=10.0 +——
olu=15:0 Zod /u
Yol
o]
L1 —
L //o//':‘/ o V=15
a v=12.5 /
,0/( O
/ :
v=0.0
ot s P ]
o v=13.0 ﬁ/ A
: g
&
ot | Y
e
v=7.5
o P
_A
o1
v=Q.0
U0 2 4 6 8 10 12 14 16 18 20
L. deg

80

(c) Tail-rotor torque.

Figure 27.- Continued.
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Figure 28.- Aerodynamic characteristics of various configurations

with and without the main rotor at g = 1200,
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(b) Tail-rotor thrust.

Figure 28.- Continued.
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(c) Tail-rotor torque.

Figure 28.- Continued.
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(a) Fin force.

Figure 29.- Aerodynamic characteristics of configurations with a
pusher tail rotor at B = 1500,
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(b) Tail-rotor thrust.

Figure 29, - Continued.
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(¢) Tail-rotor torque.

Figure 29.- Continued.
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(a) Fin force.

Figure 30.- Aerodynamic characteristics of various configurations
with and without the main rotor at 8= 150°,
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(a) Fin force.

Figure 31.- Aerodynamic characteristics of configurations with a

pusher tail rotor at B = 1800,
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(c) Tail-rotor torque.

Figure 31.- Continued.
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Figure 31.- Continued.
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Figure 32.- Aerodynamic characteristics of various configurations
with and without the main rotor at A= 180°,
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(b) Tail-rotor thrust,

Figure 32, - Continued.
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Figure 32.- Continued.
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Figure 32.- Continued.
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(a) Fin force.

Figure 33.- Aerodynamic characteristics of the pusher configuration
with top blade forward rotation for different fin/tail-rotor gaps
at g = 1800,
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(b) Tail-rotor thrust.

Figure 33.- Continued.
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(c) Tail-rotor torque.

Figure 33.- Continued,



(d) Main-rotor lift.

Figure 33.- Continued.
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(e) Main-rotor torque.
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- Figure 33.- Continued,

125



126

(g) Torque balance factor.

Figure 33.- Concluded,
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Figure 34.- Aerodynamic characteristics of the fin-off configuration

(a) Tail-rotor thrust,.

for different tail-rotor heights at g = 1800°,
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Figure 35.- Aerodynamic characteristics of configurations with a

pusher tail rotor at B8 = 2109,
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(b) Tail-rotor thrust.
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(c) Tail-rotor torque.

Figure 35.- Continued.
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Figure 35.- Continued.
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(g) Torque balance factor.

Figure 35.- Concluded.
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(a) Fin force.

Figure 36.- Aerodynamic characteristics of various configurations
with and without the main rotor at B = 2100,
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(b) Tail-rotor thrust.
Figure 36.- Continued.
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(c) Tail-rotor torque.
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(d) Main-rotor lift.
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Figure 36, - Continued.
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(a) Fin force.

Figure 37.- Aerodynamic characteristics of configurations with a
pusher tail rotor at B = 2400,
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(c) Tail-rotor torque.

Figure 37. - Continued.
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(g) Torque balance factor.

Figure 37.- Concluded.
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Figure 38.- Aerodynamic characteristics of various configurations
with and without the main rotor at B = 2400°,
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(b) Tail-rotor thrust.

Figure 38.- Continued.
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(d) Main-rotor lift.
Figure 38, - Continued.
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(a) Fin force..

Figure 39.- Aerodynamic characteristics of various configurations at B = 270°,

161



0t T T T T [
- (@] =25«
013 O NWPF A
= O SMPF L o
o SMPA P
.008-
Yo g P V=20.0 T
004 A/’O:ﬁ | : n///
. Vv
£+ i R .
"z -4 o
o|v=38-0 A /8// v=15.0
» ot 1" o |
v=20.0 8| v=12.5
0 p. 28] ;é//l-
c
Titr o 6"/
V:\S-b A _
0 /0'1 //,g y=10.D
L2
S
olv=12:8 f L v=7.5
D/ %/ /o —eo —
[e i ={.
olv=1p0 g ;
/ n/;
o Pr
=y
ol=18 ,//©A
j/
v=0.0
05 0 2 4 6 8 10 12 14 16 18 20
eu deg

(b) Tail-rotor thrust.

Figure 39.- Continued.
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(d) Main-rotor lift.

Figure 39.- Continued.
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(a) Fin force.

Figure 40.- Aerodynamic characteristics of various configurations at B = 300°,
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Figure 40,- Continued.
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Figure 40.- Concluded.
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